INTRODUCTION
Ubiquitin, a heat stable and highly conserved 76-amino acid protein (m 8.5 kDa) in all eukaryotic cells, was originally discovered as an immunopoetic polypeptide from thymocytes. 1 Further research has suggested ubiquitin, like calmodulin, plays a key role in essential intracellular functions. Ubiquitin has been shown to be involved in cell differentiation, heat shock response, antigen presentation and regulation of protein breakdown by the ubiquitin-proteasomepathway. [2] [3] [4] [5] Moreover, the ubiquitin-proteasome pathway is regarded as playing a crucial role in inflammation and sepsis as well as in regulation of inflammatory cell responses, e.g. in regulation of the transcriptional factor, NF-κB, which controls for example TNF-α production. [6] [7] [8] In order to fulfil this variety of essential intracellular functions, The ubiquitin-proteasome pathway is regarded as playing a crucial role in protein breakdown in inflammation and sepsis as well as in the regulation of inflammatory cell responses. In this pathway, ubiquitylation of target proteins is believed to act as a recognition signal for degradation by the 26S proteasome. As yet neither the ubiquitylation rate of cytosolic proteins, as a result of the total ubiquitin-protein ligase (tUbPL) activity, nor the specific ubiquitylation of calmodulin (ubiquitincalmodulin ligase, uCaM-synthetase) has been determined in human mononuclear cells. Therefore, we studied cytosolic protein ubiquitylation in normal and in endotoxin (LPS)-stimulated human peripheral blood mononuclear cells (PBMNCs). PBMNCs from healthy volunteers were incubated with 0 or 100 ng/ml LPS for 18 h. Cytosolic extracts were obtained by hypotonic lysis and ultracentrifugation. TUbPL was measured as [ 125 I]-[CT]-ubiquitin incorporation into the sum of cytosolic proteins. UCaM-synthetase activity was quantified with the fluphenazine (FP)-Sepharose affinity adsorption test. Endotoxin stimulation appears to inhibit tUbPL 3.7 ± 2.7-fold to 48 ± 43 fkat/mg (n = 6). UCaM-synthetase in cultures (n = 5) without endotoxin was determined to be 91 ± 32 fkat/mg +Ca 2+ and 29 ± 23 fkat/mg -Ca 2+ . With endotoxin uCaM-synthetase was 138 ± 73 fkat/mg +Ca 2+ and 14 ± 22 fkat/mg -Ca 2+ . Ca 2+ -specificity (ratio ± Ca 2+ ) of uCaM-synthetase increases from 3.1 without LPS to 10 after LPS stimulation, which was caused by a 2-fold decrease in minus Ca 2+ activity and a 1.5-fold increase in plus Ca 2+ activity. The data indicate specific regulatory effects of endotoxin on the cytosolic ubiquitylation systems in human PBMNCs. ubiquitin is covalently linked to target proteins (ubiquitylation) via an isopeptide bond by an ubiquitin-proteinligase system. Two types of protein ubiquitylation can be distinguished 4 : (i) ubiquitylation as a signal for degradation of the target protein by the 26S-proteasome (catabolic protein ubiquitylation); and (ii) ubiquitylation as a regulation of the function of the target protein which, for example, has been supposed for the ubiquitylation of the second messenger calmodulin or the histone 2A (noncatabolic protein ubiquitylation). Up to now, two different ubiquitin-protein ligase systems have been defined 9 : the ubiquitin-protein ligase (EC 6.3.2.19) and the ubiquitin calmodulin ligase (uCaM-synthetase, EC 6.3.2.21). The latter has been shown to consist of two different components (uCaM-Syn F1 and F2) and is specific for Ca 2+ -calmodulin, whereas the ubiquitin protein ligase is a three component system (E1-E3) which typically catalyzes the ubiquitylation according to the N-end rule. 4 Because as yet neither the ubiquitylation rate of cytosolic proteins, as a result of the total ubiquitin-protein ligase activity, nor the specific ubiquitylation of calmodulin has been determined in human mononuclear cells, we studied these cytosolic protein ubiquitylation systems in normal and in endotoxin-stimulated human peripheral blood mononuclear cells (PBMNCs).
MATERIALS AND METHODS

Cell culture and lysates
Human peripheral blood mononuclear cells were obtained from freshly prepared buffy coats from healthy volunteers (generously provided by Prof. Dr N. Müller, Institut für Transfusionsmedizin, Universitätsklinikum Essen, Germany) by density centrifugation over a Ficoll (Biochrom, Berlin, Germany) density gradient. 10 PBMNCs (10 8 ) were cultured in cell culture medium RPMI 1640 (GibcoBRL, Germany), 64 IU/ml penicillin, 64 µg/ml streptomycin, 5% normal human serum and 0 or 100 ng/ml endotoxin (LPS; Salmonella friedenau; stock solution, 5 mg/ml; generously provided by Dr H. Brade, Forschungszentrum Borstel, Germany) at 37°C/5% CO 2 for 18 h. After incubation, human PBMNC cultures were centrifuged for 10 min at 300 g and the supernatants were removed. PBMNCs were tested for viability by incorporation of 3-(4,5 dimethylthiazol-2-yl)-2,5,diphenyltetrazolium-bromide (MTT, Sigma, München, Germany) 11 and using the trypan blue exclusion technique. Viability was over 90% in all cell cultures. For preparation of human PBMNC cytosolic lysates, lysis was obtained by addition of 4 volumes of ice cold distilled water to the packed cells. The lysed fraction was centrifuged at 4°C for 90 min at 80,000 g to remove particulate and membranous material. The supernatants (cytosolic lysates) were immediately used for further analysis. Cytosolic extracts (crude lysate and DEAE-enriched lysate (APFII)) from rabbit reticulocytes served as controls and were prepared as described previously. 12, 13 Total ubiquitin protein ligation (tUbPL)
The total ubiquitylation rate of cytosolic proteins, as a result of the total ubiquitin-protein ligase activity (tUbPL), was measured as [ 125 I]-CT-ubiquitin incorporation into the sum of cytosolic proteins. The incubation mixtures contained 50 mM Tris/HCl, 1 mM DTE, 5 mM MgCl 2 , 1 mM ATP, 10 mM phosphocreatine, 0.1 mg/ml creatine kinase, 0.05 mg/ml [ 125 I]-CT-ubiquitin (specific radioactivity 850-4300 cpm/pmol) and 0.5-3.3 mg/ml PBMNC lysate at pH 8. The mixtures were incubated for 3, 6, 9, 12, 15 and 18 min at 37°C. After incubation, 10 mM iodoacetamide was added, then the mixtures were boiled for 5 min and analysed by SDS polyacrylamide electrophoresis (SDS-PAGE). SDS-PAGE was performed on 15% gels as previously described. 14 The sample buffer 14 contained 10 mM EGTA. 15 The gels were stained with Coomassie Brilliant Blue R-250 (Serva, Germany), the individual lanes were cut out, and the amount of [ 125 I]-CT-ubiquitin covalently linked to cytosolic proteins was determined in a gamma-counter. Cytosolic extracts (crude lysate [6.4 mg/ml] and DEAEenriched lysate [APFII; 0.9 mg/ml]) from rabbit reticulocytes served as controls. TUbPL activity is given in katal. 1 katal (kat) was defined as 1 mol [ 125 I]-CT-ubiquitin incorporated into cytosolic proteins per second. For activity calculations from progress curves, the initial data points plus the origin were analyzed by linear regression analysis with the GraphPad Prism program (v. 1.0, 1994; GraphPad Software Inc., San Diego, CA, USA).
Ubiquityl-calmodulin-(uCaM)-synthetase
UCaM-synthetase activity was measured with the fluphenazine-Sepharose test (FP-test). 15, 16 In brief, the incubation mixtures contained 50 mM Tris/HCl, 1 mM DTE, 5 mM MgCl 2 , 1 mM ATP, 10 mM phosphocreatine, 0.1 mg/ml creatine kinase, 500 µg/ml calmodulin, 1 mg/ml [ 125 I]-CT-ubiquitin (specific radioactivity 200-600 cpm/pmol), and 4.5-11 mg/ml PBMNC lysate as indicated at pH 8 or, as controls, 6.4 mg/ml reticulocyte lysate or 0.9 mg/ml DEAE enriched reticulocyte lysate (APFII). The mixtures with calcium (+Ca 2+ ) contained 1.1 mM CaCl 2 and 1 mM EGTA. The mixtures without calcium (-Ca 2+ ) only contained 1 mM EGTA. After incubation at 37°C (for incubation times see figures and captions) the mixture was heated to 96°C for 5 min. The samples were placed on ice for 5 min, the denatured protein was spun down on an Eppendorf centrifuge 5415 (Eppendorf, Hamburg, Germany) and the super-natant adsorbed to fluphenazine-Sepharose and eluted for analysis as described previously. 13 Enzymatic activity of uCaM-synthetase corresponds to the transfer of 1 mol ubiquitin to calmodulin per second and is expressed in katal. The progress curves were analyzed as described above for the total ubiquitin protein ligation rate.
Other procedures
[ 125 I]-labelled ubiquitin was synthesized according to the chloramine-T procedure. 17 Protein was determined as previously described 18 using BSA as standard. Polyacrylamide gel electrophoresis was performed as previously described. 14 SDS-PAGE autoradiography was performed as described 13, 17 using Cronex Lightning Plus enhancer foils (Dupont, Neu Isenburg, Germany) and Fuji RX (Fuji, Düsseldorf, Germany) X-ray films.
Proteins and materials
Ubiquitin and the molecular weight standards for SDS-PAGE (see figure captions) were purchased from Sigma (Munich, Germany). Bovine testis calmodulin was prepared as described previously. 18 All chemicals were of the highest available or analytical grade. Water was deionized, distilled and then passed through a Milli-Qsystem (Millipore, Witten, Germany) before use.
RESULTS
Total ubiquitin protein ligation (tUbPL)
To determine catalytic rates, the kinetics of the conjugation of cytosolic proteins to ubiquitin were measured over a time of at least 15 min for each lysate. Representative data are shown in Figure 1 for reticulocyte APF II ( Fig. 1A) and lysates from human PBMNCs treated with and without endotoxin (Fig. 1B) . In all lysates, the conjugation of ubiquitin to cytosolic proteins increases linearily for 10-15 min. It should be noted that in some experiments the progress curves showed a lagphase of about 5 min. In crude reticulocyte lysate, tUbPL was determined to be 30 ± 10 fkat/mg (mean ± SD; n = 3) and in reticulocyte APFII 2470 ± 230 fkat/mg (mean ± SD; n = 3). Compared with the crude reticulocyte lysate, lysates from human PBMNCs cultured without endotoxin contain a 5-fold higher specific tUbPL of 147 ± 65 fkat/mg (mean ± SD, n = 6).
As indicated in Figure 1B , endotoxin appears to inhibit tUbPL 3.7-fold with a specific tUbPL of 47 ± 47 fkat/mg in the corresponding PBMNC cultures with endotoxin (mean ± SD). Autoradiographic SDS-PAGE analysis (Fig. 2) showed the synthesis of one major and four minor [ 125 I]-CTubiquitin-protein bands, which correspond to high molecular mass ubiquitin conjugates (~90 kDa, major band) and low molecular mass conjugates of 55 kDa, 41 kDa, 27 kDa and 16 kDa. Endotoxin stimulation possibly inhibits the synthesis of ubiquitin-protein conjugates quantitatively, because the pattern of the newly synthesized [ 125 I]-[CT]ubiquitin-protein conjugates was unchanged in lysates from PBMNCs cultured in the presence or absence of endotoxin.
Ubiquityl-calmodulin-(uCaM)-synthetase activity
The Ca 2+ -dependent formation of ubiquityl-calmodulin by uCaM-synthetase from human PBMNC is shown in Figure 3 . In the presence of Ca 2+ , first-to third-order conjugates, corresponding to one, two and three ubiquitin molecules per calmodulin, are formed. In the absence of Ca 2+ only very little calmodulin is ubiquitylated. The progress curves for the ubiquitylation of calmodulin by uCaM-synthetase from human PBMNC cultures (n = 5) with and without endotoxin are shown in Figure 4 . The uCaM-synthetase activities calculated from the initial increments of the progress curves are for PBMNC cultures without endotoxin (n = 5) 91 ± 32 fkat/mg in the presence of calcium and 29 ± 23 fkat/mg without calcium. The uCaM-synthetase activities for the corresponding PBMNCs cultured in the presence of endotoxin are 138 ± 73 fkat/mg plus calcium and 14 ± 22 fkat/mg minus calcium. Therefore, endotoxin stimulation increases the Ca 2+dependence of uCaM-synthetase 3.2-fold with a mean Ca 2+ -ratio (uCaM-synthetase activity plus calcium/uCaMsynthetase activity without calcium) of 3.1 in cultures without endotoxin and a Ca 2+ -ratio of 10 in cultures with endotoxin.
DISCUSSION
From recent studies evidence emerged for an involvement of the ubiquitin-proteasome system in inflammation and sepsis, e.g. in regulation of muscle protein breakdown. 5 Moreover, it has been shown that processing the NF-κB1 precursor protein as well degradation of IκBα requires ubiquitylation, [6] [7] [8] but as yet, the inflammation-induced regulation of protein-ubiquitylation systems of human mononuclear cells have not been examined.
Compared with the reticulocyte, which is the classical system for protein ubiquitylation experiments, human PBMNCs seem to contain higher activity of the total ubiquitin protein ligation rate. Cultivation of human PBMNCs in the presence of endotoxin appears to decrease the total ubiquitylation rate of cytosolic proteins 3.7-fold without effects on the pattern of the ubiquitin-protein conjugates synthesized. We have shown previously by means of two main characteristics of the 26Sproteasome, its ATP-dependence and its sensitivity for the proteasome inhibitor lactacystin, that chymotryptic activity in PBMNC lysates was independent from ATP and showed only a very low lactacystin affinity. 19 Moreover, chymotryptic activity was unchanged after endotoxin treatment. 19 Therefore, the inhibition of the total ubiquitylation rate of cytosolic proteins appears not to be caused by an increase in ubiquitin-protein conjugate degradation by the 26S-proteasome. Although the biological meaning of this finding remains to be determined, a regulatory effect of endotoxin on this essential cytosolic system might be supposed.
Ca 2+ -dependent uCaM-synthetase has previously been detected in most tissues of the rabbit and also in yeast (Saccharomyces cerevisiae). 4 As shown here, in human tissue uCaM-synthetase is detectable as well. Compared 486 Majetschak, Suciu, Häsler, Obertacke, Schade, Jennissen with the previously described enzyme activities in cytosolic lysates from various rabbit tissues, 12 human PBMNC lysates were found to contain the highest specific uCaM-synthetase activities. Similar to uCaM-synthetase from other cytosolic lysates, the ubiquitylation of calmodulin in human PBMNC lysates corresponds to a type I reaction according to Majetschak et al., 20 i.e. this enzyme primarily recognizes the conformation of Ca 2+bound calmodulin and is, therefore, activated by Ca 2+ . The finding that the Ca 2+ -activity ratio increases over 3fold in lysates from PBMNCs cultured in the presence of endotoxin indicates a specificity shift of enzymatic activity. The increase in Ca 2+ -dependence was caused by a 2-fold decrease in -Ca 2+ activity and a 1.5-fold increase in +Ca 2+ activity. We have shown previously that an enzyme fraction can be separated by ubiquitin affinity chromatography, which catalyzes the Ca 2+ -independent ubiquitylation of calmodulin. 20, 21 Since this fraction contains components of the ubiquitin protein ligase system EC 6.3.2.19, the specificity shift after endotoxin stimulation might be the result of the inhibitory effect of endotoxin on the total cytosolic ubiquitin protein ligase system described above. Moreover, the second component of uCaM-synthetase, uCaM-Syn F2, has been shown to bestow Ca 2+ -specificity of uCaM-synthetase, 19, 20 and was apparently activated or at least not influenced by endotoxin stimulation. In conclusion, endotoxin may exert distinct regulatory effects on the cytosolic protein ubiquitylation systems in human PBMNCs. Possibly, the endotoxin induced inhibition of the total cytosolic ubiquitin protein ligation rate may protect from uncontrolled proteolysis in inflammation and sepsis, i.e. inhibition of catabolic ubiquitylation, whereas the endotoxin induced specificity shift of the Ca 2+ -dependent ubiquitylation of calmodulin, which is supposed to be a reversible modulation of the biological activity of calmodulin (non-catabolic ubiquitylation), may suggest that this reaction is essential for the hosts response to inflammatory stimuli, i.e. endotoxin. 
